Digestible energy (DE) values were measured in a selection of feedstuffs for the tilapia (Oreochromis niloticus Linn.) and used to develop equations for predicting DE values of a wider range of feedstuffs from chemical analyses. Preliminary work examined the influences of substitution level in a reference diet and adaptation over time on DE values for soya-bean meal. Length of adaptation period significantly affected DE values (P < 0.01), but substitution level, over the range 200-600 g soya-bean meal/kg reference diet, did not. The DE values of sixteen feedstuffs, thirteen derived from plant sources and three animal by-products, were subsequently determined. DE values for plant-derived feedstuffs were found to be higher than those quoted in the literature for trout (Oncorhynchus mykiss) and catfish (Ictalurus punctatus), whereas DE values for animal-derived feedstuffs were lower than those for trout and pigs. It was concluded that energy values quoted in tables of feed composition for other species are inaccurate when used as proxy values for tilapia. Regression equations were therefore computed using data from the present study to provide a rapid means of predicting DE values of feedstuffs for tilapia. Equations using neutral-detergent fibre as an independent variable were found to predict DE values of plant-derived feedstuffs reliably. Where fibre values were not used as independent variables, available carbohydrate and crude protein (nitrogen x 6.25) were found to be useful predictors of DE values. These equations offer the possibility of reducing the need for time-consuming digestibility trials with tilapia when formulating least-cost production diets for this species.
with fish. Metabolism chambers have been constructed for this purpose (Smith, 1976) but the stress involved in their use influences nitrogen balance, and this in turn affects estimates of ME. Correction of ME values to zero N balance, as practised with birds and mammals, is not currently feasible as the correction factors associated with gains or losses of body N are not known for fish.
Direct determination of DE values with fish requires the collection of faeces from water which is free of kidney and gill excretions. To obviate the need for quantitative collection of faeces, an indigestible indicator, usually chromic oxide, has been used (Pappas et al. 1973; Cho et al. 1982) . However, the techniques used for collecting faeces have differed between laboratories resulting in variable estimates of DE values. If left to accumulate in aquaria, inaccurate estimates of DE can occur as a result of bacterial action (Smith & Thorpe, 1976) or leaching of nutrients into the water (Smith et al. 1980) , or both. Manual stripping (Austreng, 1978) , suction through an anal catheter (Stickney & Lovell, 1977) or dissection methods may obtain digesta rather than faecal samples, and consequently lead to underestimates of DE values. In addition, the small amounts of faeces available from fish can present technical difficulties in the chemical analysis of this material.
Other problems in determining DE values using fish are similar to those encountered in mammalian digestibility trials: namely the influence of the level of substitution of a reference diet with a test feedstuff, and the effects of adaptation to diet over time (Morgan et al. 1975~) .
In view of the importance of tilapia as a human food resource in less-developed countries and the consequent need for accurate feedstuff energy values for the production of this fish, the present study was undertaken to establish methods of obtaining accurate and reproducible DE values in a selection of feedstuffs for this group, These values were then compared with DE values in the literature for trout (Oncorhynchus mykiss), catfish (Ictalurus punctatus) and pigs, and with ME values for poultry, to assess the scale of discrepancy between so-called 'book values ' and values measured specifically for tilapia.
Finally, a test was made of the accuracy with which DE values for tilapia could be predicted from chemical analysis of feedstuffs. The resulting regression equations are presented as a possible means of reducing the need for time-consuming digestibility trials with tilapia when estimates are required for the DE values of novel feedstuffs.
MATERIALS A N D M E T H O D S
Tilapia fry were obtained from stocks at the Institute of Aquaculture (University of Stirling) and reared on trout pellets (BP Nutrition UK Ltd; Fry 00-03) to experimental weight in 150 Iitre aquaria held at 28', under a photoperiod of light-dark of 16:8. The fry were fed to satiation five times daily. Fish to be used in experiments were then transferred to a recirculating-water system composed of sixteen 65 litre tanks maintained at 26-28'. This incorporated two biological filters which detoxified nitrogenous build-up. However, to remove excess N and replenish water loss due to evaporation, fresh water was fed through the system at a rate of 0.5 litres/min. The recirculation rate through each tank was 2 litres/min. Water quality variables were maintained as follows : dissolved oxygen 6.0-8.0 mg/l, pH 6.8-7.5, total ammonia less than 0.1 mg/l, nitrate 0-5 mg/l, hardness 19.5-21-0 mg calcium carbonate/l.
Digestibility trials
Preliminary studies indicated that the most feasible way of conducting digestibility trials with tilapia is by separating faeces from water within 5 min of egestion (Anderson, 1985) . This reduces leaching effects to a minimum and eliminates the need for wasteful, in terms of fish numbers, and inaccurate intestinal dissection. Two experiments were conducted : Expt 1 examined the effects on digestibility of (a) feedstuff substitution levels in diets and (b) duration of feeding period. Expt 2 comprised a series of digestibility trials on a range of feedstuffs of both plant and animal origin.
Expt 1
This experiment had a split-plot factorial design with four feedstuff inclusion levels and two periods of feeding. The test feedstuff, soya-bean meal, was substituted for the fish meal in the reference diet ( Table 1) at levels of 200, 400, 600 and 995 g/kg and faecal collection made after 1 and 15 weeks. The sub-plots consisted of six fish weighing 130 (SD 16.9 ) g at the beginning of the experiment. Feeding rate was 1.0% of fish live weight/d offered at 09.00, 13.00 and 17.00 hours, with faecal collections taking place over a period of 5 d using faecal collection chambers. These chambers consisted of a 250 mm diameter plastic funnel incorporating a 10 mm mesh screen through which faeces passed to settle in a glass collecting bottle at the apex of the funnel (Anderson, 1985) . Individual fish were transferred to these chambers 1 h after the 09.00 hours meal each day and faeces obtained by removing the collecting bottle at 5 min intervals over a 2 h period and passing the contents through a fine mesh. Retained faeces were pooled for each fish, transferred to Petri dishes and dried at 105" to constant weight. Subsequently they were ground with a pestle and mortar and stored in airtight tubes over a desiccant until required for analysis.
Expt 2
Digestibility trials were conducted on sixteen feedstuffs and a reference diet (Table 2) using groups of twelve male tilapia (mean weight 45 (SD 11.3) g) for each feedstuff. The rate of substitution of the test feedstuff in the reference diet was 600 g/kg. The reference diet and diets containing wheat middlings and meat-and-bone meal were evaluated with six replicate groups of fish, but all other feedstuffs were evaluated with three replicate groups. To avoid carry-over effects, each digestibility trial was separated by a period of 7 d, during which experimental fish received a commercial trout diet. Fish were randomly allocated between the experimental tanks in different trials. Each diet was given for a period of 28 d before faeces were collected by siphoning from tanks. Feeding rates were 2 % of the group liveweight/d presented in three equal portions daily at 09.00, 13.00 and 17.00 hours. Faeces collection commenced 1 h after the 09.00 hours feed and continued at 5 min intervals for 2 h. Faeces from each group were dried, ground and stored as in Expt 1.
Diets
The diets used in the experiments are detailed in Table 1 . The composition of each individual feedstuff is given in Table 2 . Ingredients were processed where necessary using a laboratory hammermill to pass a 1 mm mesh screen and mixed using a food mixer (A200; Hobart Ltd, London). Water was added to form a paste which was extruded using a 3 mm die. The resulting strings of diet were laid on trays, dried at 40" for 14 h in a force-draught oven and broken in a food processor. After passing through a 2.8 mm sieve, diets were stored in plastic bags at -20" until required.
Analytical methods
Diets. Moisture, crude protein (N x 6.25; CP), petroleum (bp. 40-60") extract, ash and crude fibre were determined on individual test feedstuffs and complete diets using the methods described by Ministry of Agriculture, Fisheries and Food (1973) . Procedures for acid-detergent fibre and neutral-detergent fibre (NDF) were those described by Goering & Van Soest (1 970).
Available carbohydrate (AC) was measured using the method of Bolton (1960) , whereby starch in each feedstuff (1.5 g) was converted to glucose using an amyloglucosidase (EC (Morgan, Cole and Lewis, 1975~) .
f ME for poultry (Gohl, 1981) .
3 . 2 . 1 . 3 ; 1 ml solution containing 1.0 mg; activity 5000&10000 IU/g) derived from Rhizopus mould (Sigma Chemical Co Ltd). The resulting glucose was measured using a glucose analyser (Model 27 ; Yellow Springs Instruments Ltd, Ohio, USA). In this instrument, membrane-bound glucose oxidase (EC 1 . I .3.4) converts glucose to hydrogen peroxide and this is then determined electrometrically. Chromium was determined with a Perkin Elmer 303 atomic absorption spectrophotometer (detection wavelength 357.9 nm) using an air-acetylene flame after digestion of feedstuff samples with concentrated sulphuric acid and a selenium catalyst (Thomson and Capper Ltd, Cheshire). Gross energy values were measured using an adiabatic bomb calorimeter (Gallenkamp and Co. Ltd).
Fueces. Standard techniques for measuring dietary energy, N and Cr were unsuitable for faecal analysis because of the small samples of this material (150 mg dry matter (DM)) obtainable from each trial. Existing analytical techniques were, therefore, modified to permit duplicate microassays of the material that was available as described later and by Anderson (1 985).
Cr and N were measured in the same H,SO,-Se digest of 40 mg faeces. Cr was measured in one portion of the diluted digest by atomic absorption spectrophotometry (as for the diets) whilst N was determined in another portion using a dichloroisocyanurate reaction (Crooke & Simpson, 1971) in an AutoAnalyzer (Model 11 ; Technicon Instruments Corporation, Tarrytown, NY, USA). Digests (0.32 ml/min) were diluted in the AutoAnalyzer manifold in two stages at an overall rate of 1 : 23.2. Salicylate solution (850 g sodium salicylate/l and 6 g sodium nitroprusside/l) and cyanurate solution (24 g sodium hydroxide/l and 5 g sodium dichloroisocyanurate/l) were added at rates of 0.32 and 0.1 6 ml/min respectively. After heating in a delay coil at 37", transmittance was measured in a 15 mm flow cell at 660 nm. Duplicate samples of faeces were analysed for each replicate group of fish.
Gross 
Statistical procedures
The results of Expt 1 were subjected to an analysis of variance for split-plot factorial designs and differences between means were tested for significance using Tukey's test (Kirk, 1968) . Single-and multiple-regression equations were calculated from the values in Expt 2 using the procedures of Snedecor & Cochran (1972) , with D E as the dependent variable and the various chemical measures as independent variables. Fig. 1 shows that as the level of substitution of soya-bean meal for the reference diet was increased, the DE value was reduced and DE values obtained after a 15-week adaptation period were higher than those obtained after 1 week. Split-plot factorial analysis of variance for these values is given in Table 3 . Tukey's multiple-comparison test showed that DE values for soya-bean meal were significantly depressed ( P < 005) only when this feedstuff was given on its own as compared with when it was given as a component of a complete diet. This suggests that whilst adaptation to diet is an important factor in digestibility trials with fish, there is comparatively little effect of test feedstuff substitution level between 200 and 600 g/kg.
R E S U L T S Expt 1. Effects of level of substitution in a reference diet and length of feeding period on test feedstuff DE value

Expt 2. DE values of feedstuffs
The measured DE values are listed in Table 2 together with the results of chemical analyses of the feedstuffs, literature DE values for these feedstuffs determined with pigs and ME values quoted for poultry. The reproducibility of the results was good and although the use of six replications with wheat middlings, meat-and-bone meal and the reference diet led to marginally reduced standard deviations of estimates, three replications appeared satisfactory. The DE estimate for palm-kernel meal was, however, substantially lower than expected and may be inaccurate.
Regression of DE values on chemical measures of feedstuffs
Linear-regression equations were calculated using values for the thirteen plant-derived feedstuffs ( Table 4) 
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DISCUSSION
The evidence of the present study suggests that the maximum substitution level of feedstuffs in experimental diets is 600 g/kg because above this level estimates of DE can be depressed (Fig. 1) . Further, there was evidence suggesting that tilapia adapt to their diet with time in a way that increases the observed DE of test feedstuffs (Fig. 1, Table 3 ). Such adaptation could be caused by diet-induced increases in the activity of digestive enzymes (e.g. amylase EC 3.2.1 . I ) as found in the tilapia Sarotherodon mossambicus (Nagase, 1964) . Noue et al. (1980) suggested that complete adaptation to diets occurred after 3 d in rainbow trout (Oncorhynchus mykiss) but the results of the present study suggest that adaptation of tilapias may take considerably longer. Ideally, the period over which DE values should be measured would correspond to the normal growing period of 3-5 months used during the *** P < 0.001.
intensive culture of tilapias. However, the conduct of digestibility trials over such a long period would not usually be practicable. In the present experiments, a period of 28 d was used and the DE values reported may, therefore, be marginally lower than would be apparent under production conditions.
In the second part of the present work, DE values were measured in a range of feedstuffs for tilapia. Feedstuffs such as soya-bean meal, groundnut cake and fish meal were found to have the highest DE values of those tested, providing evidence that protein is readily digested and absorbed in tilapias. In contrast to salmonids (Hilton et al. 1982) , the feedstuffs containing high levels of carbohydrate (maize, cassava, sorghum and wheat) also had relatively high DE values, supporting the findings of Anderson et al. (1984) that tilapias utilize carbohydrates effectively for growth. The lowest DE values were found in feedstuffs containing high levels of fibre, such as wheat bran, sunflower-seed meal, rice bran and copra cake. The meat-and-bone meal used in the present study had a higher ash content than is normally quoted for this material, and the rice bran used had higher levels of crude fibre than good-quality rice bran (Gohl, 1981) , indicating, respectively, the presence of a greater quantity of bones, and contamination with rice hulls. All the other feedstuff samples had chemical compositions which were typical for those materials and their DE values may be regarded as being representative and reliable. The exception was palm-kernel meal which produced poorly-bound faeces, and a very low DE value which is probably inaccurate. DE values determined for the animal-product feedstuffs meat-and-bone meal, poultry by-product meal and fish meal, were lower than those reported for trout (Cho et al. 1982) of 15.0, 13.9 and 18.8 MJ/kg DM respectively. In contrast, values determined for maize, wheat middlings and rapeseed meal were much higher than values reported for trout of 6-6, 7.6 and 8.1 MJ/kg DM. DE values of plant feedstuffs determined with tilapia were also found to be generally higher than those quoted for catfish (National Research Council, 1977) . In comparison with DE values for pigs (Morgan et al. 1975a) , the values for tilapia obtained in the present study were all lower with the exception of that for meat-and-bone meal. Poultry ME values (Gohl, 1981) are lower than the measured DE values for tilapia with respect to the high-protein feedstuffs meat-and-bone meal, fish meal, soya-bean meal
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and groundnut meal. Thus, the use of poultry ME values in formulating diets for warmwater fish as suggested by the National Research Council (1977) would underestimate the energy value of these feedstuffs for tilapia. By contrast, poultry ME values for rice bran, sunflower-seed meal, sorghum and maize (Gohl, 1981) are higher than the DE values determined for tilapia. Clearly, poultry ME values and tilapia DE values are poorly correlated and the use of poultry ME values to formulate diets for tilapia should be discontinued.
The third part of the present work assesses the accuracy with which DE values for tilapia can be predicted from the chemical composition of feedstuffs. Preliminary analyses revealed that the predictive accuracy of the equations was always greater if values for the animalproduct feedstuffs were excluded from the regressions. This is because the single most powerful predictor of DE was found to be fibre, which is absent in meat-and-bone meal, poultry by-product meal and fish meal. Accordingly, the equations reported here should only be used to predict the DE values of plant-product feedstuffs. Over 300 regression equations were computed for the thirteen plant-product feedstuffs, but only the two most useful and accurate are reported here. Others can be computed from the values in Table 2 , if required.
This general approach has already been used to predict the energy values of feedstuffs for poultry (Carpenter & Clegg, 1956) , pigs (Morgan et al. 19756) and ruminants (Schneider et al. 1951 ; Ministry of Agriculture, Fisheries and Food, 1975) . With pigs, fibre (measured as crude fibre, cellulose or modified acid-detergent fibre) was found to be the best single predictor of ME or DE (Drennan & Maguire, 1970; Morgan et af. 1975a,b) . However, the fibre-DE relationship was only valid for cereals. For other feedstuffs there is greater variation in fat and protein, and a more complex relationship to DE. Using multipleregression analysis, the best estimate of DE for a wider range of feedstuffs was an equation which included CP, acid-diethyl ether extract and N-free extract (NFE) (Morgan et al. 1975b) . For poultry feedstuffs, a similar approach was taken (Carpenter & Clegg, 1956 ) but ME prediction was improved by replacing NFE in the equation with 'starch +sugars'. NFE includes carbohydrates such as starches, soluble sugars and part of the hemicellulose fraction of plant cell walls (Bolton, 1960) . It was suggested that the equation including 'starch + sugars ' is a more accurate measure of ME for poultry because they are less able to digest (and hence obtain energy from) hemicellulose than pigs.
With fish, it is clear that plant cell walls are completely indigestible (Stickney & Shumway, 1974; Van Dyke & Sutton, 1977) and that, as with poultry, a direct measure of AC is preferable to NFE as a predictor of DE (present values). These observations presumably explain the high correlation of DE values with N D F and AC observed for plant-derived feedstuffs in the present study.
In previous studies with pigs, when the level of dietary fat was included as a variable in multiple-regression equations, it was found to improve the accuracy of DE prediction (Morgan et al. 1975b ). This was not found to be the case for tilapia in the present study. Numerous regressions were computed using petroleum (bp. 40-60") extract as an independent variable, but this never significantly reduced the RSD of equations already containing fibre, AC or protein. Even when petroleum (bp. 40-60') extract was used as the only independent variable it was a poor predictor of DE. In contrast, CP and AC accurately predicted DE when combined in multiple regressions, even when fibre measures were not included (equation 2). Whilst this is a useful addition to the fibre regressions, analysis of ingredients for AC would not, of course, be as convenient on a routine basis as would the simple measurement of NDF.
In summary, it is apparent that the absence of reliable energy values for tilapia in the literature acts as a constraint on feed manufacturers wishing to produce competitive, least-cost formulations for this species. From the present study it is also clear that the measurement of D E values of feedstuffs for tilapia requires considerable technical care, and the use of micro-analytical procedures. This is due primarily to the small samples of faeces obtainable in feeding trials, and the influence on DE of test feedstuff substitution level and adaptation of this fish to diets. These difficulties make it unrealistic for manufacturers of commercial diets for tilapia to undertake routine digestibility trials of locally-available feedstuffs in the developing countries where tilapia are farmed. This is a serious limitation to the intensive farming of this species, given the widespread and increasing importance of tilapia as a human food source in the Third World. It is hoped, therefore, that the equations resulting from the present study will provide a means of predicting the DE values of feedstuffs from simple measures of their composition, so reducing the need for digestibility trials, and improving the basis on which compound diets are formulated for tilapia.
